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Abstract − A new procedure for the measurement of 
loudness (the perceived intensity of a sound) by persons is 
presented. It is based on the combination of two procedures, 
one aiming at quantifying differences, the other at assessing 
ratios. The result is expressed in a ratio scale, and inter-
individual differences may be evaluated and accounted for. 
The application to sounds obtained in a measurement cam-
paign in a port environment are presented and discussed. 
Their importance in ergonomic studies is also mentioned. 
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1.  INTRODUCTION 
 
The measurement of perceived features such as the 
quality of a device or the intensity of sound or noise 
(loudness) is of great importance in the user-oriented 
development of products and services. Such meas-
urements are critical from a theoretical and metrologi-
cal standpoints and research in this area is needed [1-
2]. Particularly critical is the achievement of ratio 
scale, when an empirical addition operation is not 
present, as often happens for perceptual features [3-6]. 
On the experimental side, it is particular important to 
achieve reliable results through robust procedures [7]. 
In this regard, we have recently proposed a new 
measurement method, that have called robust magni-
tude estimation, based on combining two different and 
somewhat complementary scaling procedures, one 
aimed at assessing differences, the other yielding a 
ratio representation [8-9]. Theory predicts that when-
ever there is a considerable agreement between these 
two results, a ratio scale may be obtained [5,6,9]. In 
this paper we investigate this subject on the experi-
mental side by presenting and discussing the result of 
an experiment consisting in the measurement of loud-
ness in a port environment. These measurements are 
needed for ensure a safe and comfortable working 
environment, according to ergonomic criteria [10-12].  
The experiment has to provide data for the inten-
sive structure in order to enable the construction of the 
ratio/interval scale and the derived measure. So we set 
up two distinct and independent tests: an interval es-
timation test and a magnitude estimation test, to be 
carried out by each subject. The two procedures are 
very different: in the former the subject evaluates at 
the same time all the stimuli, while in the latter he/she 
deals with a couple of stimuli at time. 
The stimuli presented in both tests are the same 
and include seven pink-noise records and four real 
noises, recorded on a truck. The reproduction takes 
place in an acoustically controlled room by means of a 
flat loudspeakers system. Acoustic pressure has been 
adjusted to a comfortable level for the listener, to 
prevent fatigue or annoyance, and the time history of 
the pressure level at the listener position has been 
measured with a calibrated measurement system. By 
processing these signals it is possible to compute 
sound pressure level (SPL), A-weighted SPL, and 
loudness, according to ISO 532 [13], for each stimu-
lus. Each subject performs both the interval and the 
magnitude estimation test. Results are then processed, 
yielding a measure of the perceived intensity of each 
sound for each subject. Since at the moment the jury 
consists of more than thirty subjects it is also possible 
to evaluate the average measure over the entire group 
of people. 
This experiment has shown a good behaviour of 
the proposed approach that yields a measure of the 
perceived intensity compatible with loudness-
measurement results according to the standard in use 
[13]. This confirms the possibility of obtaining a 
metrologically validated ratio/interval measurement 
scale for this kind of perceptual measurement. 
In the paper, after a concise presentation of the 
proposed procedure [8,9], we present the experiment 
and discuss in detail both the experimental set up and 
the data processing. Final results are then critically 
presented, for single subjects and for the average 
group of people. 
 
2.  BASIC THEORY 
 
A general problem in perceptual measurement is the 
measurement of the intensity of a sensation [2]. This is 
expected to be expressed on a ratio scale since sensa-
tion ratios in practice do make sense. Yet, this ratio 
scale cannot be attained through an empirical addition 
operation, as it happens with extensive structures [3-
5]. So it is important to consider representations not 
based on an empirical operation of sum [5-6]. This 
may be done when we have two empirical relations, of 
difference and of ratio respectively, and they are “in 
agreement”, in a way that may be precisely specified 
[6]. More formally, we define an intensive structure as 
a triple ( , , )= X Xd rAIS , where A is a set of objects 
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and Xd  and Xr are weak order relations among pairs 
of objects, referring, respectively, to difference and to 
ratio. If these two, distinct, orderings exist and if they 
satisfy some compatibility conditions, then it is possi-
ble to find a measure function, : → Rm A , such that 
the following representations contemporarily holds 
true: 
 
( ) ( ) ( ) ( )
Δ Δ ⇔
− ≥ −
Xab d cd
m a m b m c m d
, (1) 
 
( )
( )
( )
( )/ / ⇔ ≥Xr
m a m c
a b c d
m b m d
, (2) 
 
where Δuv  denotes the empirical difference between u 
and v, and /u v  denotes their empirical ratio (not to be 
confused with the numerical ratio of the related meas-
ures, here denoted by the horizontal line). It is possi-
ble to prove that such a measure is on a ratio scale, 
viz. it safely undergoes similarity transformations, 
' α=m m , with 0α > . A probabilistic representation 
may be also developed for finite structures [9]. Con-
cerning the practical application of these ideas to per-
ceptual measurement, suppose that a group of subjects 
are asked to rate sounds in term of both loudness dif-
ferences and loudness ratios and that ', :m M A → R  
are the corresponding resulting measure functions. If 
furthermore it is possible to fit data in such a way that, 
for each ∈a A ,  
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  (3) 
then : → Rm A  constitutes a measure function for 
loudness on a ratio scale. We call robust magnitude 
estimation (RME) such a procedure [8, 9]. 
 
3. TEST METHOD 
 
The method consists in proposing to each subject 
two separate and independent tests, aimed at repre-
senting perceived differences and ratios respectively. 
They are based on the same set of stimuli and differ in 
the way subjects express their perceived sensations. 
For example, the perceptive space available to the 
subject is different in the two cases. In the magnitude-
estimation test the subject has to evaluate a stimulus 
as compared with a fixed one, so that two stimuli are 
available at a time. In the interval-estimation test the 
overall set of reference stimuli is available to the sub-
ject, so it is possible to have a complete idea of the 
intensities to be evaluated, before starting the evalua-
tion procedure. This main difference has an impact on 
subject’s coherence also, since in the former case 
coherence in the evaluation of different stimuli is due 
mainly to subject capability to remind the previous 
stimuli evaluation, while in the latter all the stimuli are 
available for perception, so the experiment set up is 
more favourable to a coherent evaluation. 
 
3.1 Test procedure 
The tests were proposed to each subject, one for a 
time, and discussions about the tests among subjects 
waiting and the subject who has just undergone the 
tests were avoided. Instead, a brief discussion was 
possible with the experimenter to give a feedback 
satisfaction to the subject and to gather the impres-
sions from the test users. 
Before starting with the first test, some time was 
dedicated to the reading of a standard instruction 
sheet, in order to give the same basilar information to 
each subject. In general such an instruction was suffi-
cient for the subject to proceed with the test but the 
experimenter is available, during the test execution, to 
give all the help needed in the management of the test 
interface. 
 
3.2. Magnitude estimation 
The first test consist in the evaluation of the per-
ceived sound intensity of a single stimulus, according 
to the perception of a reference stimulus, or anchor 
stimulus, that corresponds to a fixed reference point, 
set for convention to 10. So the subject has the possi-
bility to listen to the anchor, by knowing that its 
evaluation is set to 10, and to the stimulus under test, 
all the required times, before entering the evaluation 
for the stimulus under test, according to the perception 
of the anchor. For example, if the anchor is perceived 
twice as intense as the test stimulus, its evaluation will 
correspond to 5, while on the contrary if the anchor is 
perceived as a half intense as the test, its evaluation 
will be 20. The procedure is carried out by a user 
friendly interface as depicted in Figure 1, where the 
subject can click on the buttons to listen to the stimuli, 
and insert the evaluation in the proper field. 
 
Fig. 1.  Magnitude-estimation user interface 
 
The stimuli sequence is deterministic and it is the 
same for all the jury. It has been designed by alternat-
ing real and synthesised stimuli (see section 4.1) for 
an overall of 11 evaluations. 
 
3.3. Interval estimation 
Once completed the magnitude-estimation test, the 
subject has about one minute pause, necessary to 
memorise some personal information such as age and 
music and sound capabilities, before proceeding to the 
interval estimation test. 
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As already depicted, in this test the subject has the 
possibility to listen to a set of 7 synthesized sounds, 
by clicking on the corresponding buttons. Then, by 
right clicking on them, it is possible to move the but-
tons on a line, positioning them from the one per-
ceived as the least intense to the most intense, accord-
ing not only to the rank, but to the difference between 
them also. So that sounds perceived with a similar 
intensity will be nearer than sound perceived with a 
larger difference. An idea of the user interface is given 
in Figure 2. 
 
Fig. 2.  Interval-estimation user interface 
 
It is interesting to note that different subjects may 
implement different procedures to carry out this test. 
Of course it is possible to start from the least intense 
stimulus and to increase step by step following the 
perceived intensity ranking. But it is possible also to 
start fixing the perceived least and most intense and 
then to set the intermediate stimuli. The two proce-
dures can give different results since the latter starts 
from the two extreme positions of the line, while the 
former starts from the minimum (or symmetrically 
from the maximum) and ends in a unknown point due 
to the differences in the perceived intensities. The 
different use of the reference line, will create problems 
in the processing phase, since, in order to create an 
average result, the evaluations of perceived intensity 
obtained by different subjects have to be normalised, 
for example by setting the minimum and maximum 
values for each subject to 0 and 100. Of course this 
way of doing is absolutely necessary to process the 
results from all the jury, never the less it presents an 
amount of arbitrariness since subject evaluations are 
modified by the experimenter. We will come back on 
this point in section 5.2, when discussing the proposed 
procedure. 
Once the evaluation of the first set of seven syn-
thesised stimuli is completed their position along the 
line is frozen and the buttons cannot be moved any-
more. Now the other 4 stimuli are evaluated one at a 
time, with respect to the positions of the first seven 
stimuli. This second phase of the test can be compared 
to a direct measurement procedure on a standard ref-
erence scale constituted by the previous seven stimuli 
which now act as reference samples of perceived in-
tensity. At the end of this second phase the positions 
of all 11 stimuli are recorded and the test is com-
pleted. 
 
4. EXPERIMENTAL SET UP 
 
Once defined the specific test methods, it is possi-
ble to proceed with the experiment design, by select-
ing the proper stimuli and the hardware equipment 
necessary for their presentation to the subjects. 
 
4.1. Stimuli selection 
In order to select a general test case for the pro-
posed measurement procedure, a set of mixed synthe-
sised and real stimuli was selected. 
Real sounds are four noises recorded on board of 
trucks at the terminal container. One noise is a truck 
stopped with the engine at minimum regime, while the 
other are different trucks models running in the har-
bour to execute the same duty for containers transport. 
Synthesised sounds are seven pink noises designed 
with A-weighted sound pressure levels to cover the 
full interval among the four real sounds. Table I gives 
some figures about stimuli standard acoustic pressure 
level, A-SPL and a perception focused parameter, 
Loudness as defined in [13]. 
 
TABLE I.  Stimuli characteristics 
Parameter 
Stimuli A-SPL 
[dBA] 
Loudness1 
[sone] 
1 50 7 
2 53 9 
3 56 11 
4 59 13 
5 62 16 
6 65 20 
Pink Noises 
7 68 24 
8 55 10 
9 64 18 
10 66 18 
Real 
Sounds 
11 67 19 
 
Real and synthesized stimuli were trimmed to a 
standard duration of 3s, suitable to give the proper 
intensity perception and short enough to reduce an-
noyance. 
As regards the magnitude estimation test the syn-
thesised stimulus with mean A-SPL was selected as 
anchor reference, while the pseudo-random presenta-
tion sequence has been established to propose real 
sounds alternated with pink noises. 
 
4.2. Stimuli presentation 
The test were carried out in an acoustically con-
trolled room, with limited acoustical reflection, by 
using a set of flat response loudspeakers. The loud-
speakers and subject’s positions in the room have been 
optimised according to previous studies [7, 8]. 
The reproduction was characterised by recording 
the stimuli with a calibrated reference microphone and 
                                                          
1
 Zwicker’s Loudness according to ISO 532 
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a binaural dummy head, in the same subject position. 
The volume was settled in order to obtain the values 
as presented in Table I. 
 
5. RESULTS 
 
The results we are presenting refer to 33 tests car-
ried out by a jury of 31 subjects. Two subjects have 
conducted the tests two times in different moments. 
 
5.1. Processing 
Let’s start with the pink noises’ results. Consider a 
specific subject, since we have results for the same ith 
stimuli, from the two tests carried out in the same test 
session, we will indicate with Mi the magnitude test 
result and with 'im  the one from interval estimation, 
for the same ith stimulus. 
According to the theory presented in section 2, and 
in particular equation (3), we will have: 
 ( )'i im M δα β γ+ = ,  (4) 
with four parameters to be determined for each sub-
ject. Applying logarithms to the equation we can 
write: 
 ( )1 1log log ' logi im Mα βδ γ δ+ ⋅ + = , (5) 
where now we have 3 independent parameters plus γ: 
a scale parameter. Unfortunately the relationship 
among the parameters is non linear, so we need a non 
linear procedure to estimate the parameters values. In 
this first phase we have used a non linear least squares 
method. 
According to equation (3) we have 2 measures of 
perceived loudness, that in principle should be equiva-
lent: 
 ( )'    and   δα β γ+5 5i i i iSi m S M , (6) 
where the new symbols Si and S, have been intro-
duced, the former denoting the results obtained from 
the interval, the latter those from the magnitude esti-
mation. The scale parameter γ may be evaluated by 
normalising a specific result to a reference value. As 
an example in the following we have evaluated the γ 
parameter by considering that for a specific pink 
noise, let’s indicate it as stimulus 0, the perceived 
intensity measure obtained in the magnitude estima-
tion test has to be equal to the total Zwicker’s Loud-
ness measure: 
 0 0 0S L M
δγ= = ,  (7) 
from which we can evaluate the scale parameter: 
 
0
0
L
M δ
γ = ,  (8) 
Once the complete set of parameters has been es-
timated for a specific subject, it is possible to verify 
experimentally if the two perceived Loudness meas-
urements, effectively correspond each other, and even-
tually if they correspond with the Zwicker’s Loudness 
previously computed on the basis of the recorded 
signal. 
In a second moment, once the subject’s parameters 
have been fully established, it will be possible to con-
sider the results for the real sound, obtaining as for the 
reference pink noises, two perceived Loudness meas-
ures, that can be compared between themselves and 
with the Zwicker’s Loudness, taking into account that 
they were established after a sort of ‘subject calibra-
tion’ based on reference pink noises. 
 
5.2 Some experimental results 
We will now present some experimental results. 
First of all we will have a look to the different behav-
iour of magnitude and interval estimation results, as 
presented in figure 3. This difference for the same 
perceived quantity, by using the same set of stimuli, 
may be due only to the different test methods, and it 
was one of the motivations for this study. 
 
Figure 3. Mean results for the perceived loudness, obtained 
with magnitude (dots) and interval estimation tests. 
 
 
Figure 4. Perceived Loudness measures S, from magnitude, 
vs Si, from interval estimation tests. 
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Now we will have a look to some results for a sin-
gle subject and then we will introduce some grouped 
data for the overall jury of 31 subjects and 33 tests. 
Figure 4 presents the behaviour of the perceived 
Loudness measure obtained from interval data, Si, 
versus the same measure obtained from the magnitude 
estimation results, S. The graph shows a high correla-
tion between the two measures. 
Note that in the proposed procedure no arbitrary 
normalisation is required while previously it was nec-
essary when dealing with different scale used in the 
interval estimation test. So in this case we can analyse 
grouped data for all the jury by using the specific set 
of parameters determined for each subject in the spe-
cific moment in which the test has been carried out. It 
may happen that at different times, the same subject 
will have a different behaviour, but the proposed pro-
cedure takes this into account by considering the re-
sults of the two tests carried out at the same time. 
Figure 5 presents the histogram for the correlation 
coefficients between perceived loudness measures Sii 
and Si. Good correlation levels are most frequent, 
while the minimum, that in any case is about 0,8 , is 
due to a single subject. 
 
Figure 5. Histogram of correlation coefficients for S and Si 
 
A deeper analysis can be done considering the lin-
ear relationship between the two measures:  
 i iSi S k v= ⋅ + ,  (9) 
A linear dependence is evident from the correla-
tion coefficient, but the fact that they refer to the same 
scale becomes clear by analysing the coefficients of 
the linear relationship. Figure 6 presents the histo-
grams for the parameters k and v for each of the tests 
considered. Now it is clear that the two measures 
refers to the same scale since the constant parameter v 
is zero with a little dispersion and k behaves similarly 
around one.  
 
(a) 
 
(b) 
Figure 6. Histogram for slope k (a) and offset v (b) of the 
linear relationship between S and Si. 
 
Now that we have established that there is a unique 
measurement scale for the perceived Loudness, inde-
pendent from the test method, we can proceed com-
paring the results with the Zwicker’s Loudness com-
puted according to [13]. Figure 7 presents the results 
for the pink noises, for the two measures. Note that the 
Loudness measure computed from the Magnitude 
estimation results, S, has been used for normalisation 
in correspondence of the fourth stimulus, while the 
measure derived from the interval test, Si, depends on 
all the four parameters characterising each subject. 
By considering the good agreement between com-
puted Loudness and measured perceived Loudness the 
idea of a unique measurement scale emerges. This is 
confirmed by the results on the real sounds, that are 
presented in Figure 8. Here we can note the substantial 
agreement of the mean values, with a larger disper-
sion. This may be due to the large difference in per-
ception between a pink noise, and the real sounds. In 
fact in the former case the power is uniformly distrib-
uted in the perception bands, while in the latter the 
power distribution is peculiar of the generation proc-
ess. 
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(a) 
 
(b) 
Figure 7. Perceived Loudness measure S (a) and 
Si (b),as a function of the Total Loudness 
according to ISO 532, for the seven pink noises. 
Bars indicate ± one sigma referred to the mean value. 
 
(a) 
 
(b) 
Figure 8. Perceived Loudness measure S (a) nd Si (b) 
as a function of the Total Loudness according to ISO 532, 
for the four real noises considered in the study. 
Bars indicate ± one sigma referred to the mean value, 
 
5. CONCLUSIONS 
 
A new procedure for the measurement of loudness 
by persons has been presented and discussed. It has 
been show how to combine results from two different 
and complementary procedures, to obtain a measure 
on a ratio scale. The procedure, called Robust Magni-
tude Estimation, combines results on an interval scale 
and on a ratio scale, in a single measurement value on 
a ratio scale, without any arbitrary normalisation. 
Results are in agreement with Loudness evaluated 
according to current standard [13]. The procedure also 
allows the evaluation of intra and inter individual 
differences. The application to sounds obtained in a 
measurement campaign in a port environment has 
been presented and benefits in term of ergonomics 
have been mentioned.  
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